In the present study, a facile method was proposed to prepare nickel sulfide (NiS) nanoparticles well-dispersed on the surface of montmorillonite/graphene oxide (MMT/GO). The NiS/MMT/GO nanocomposites were characterized by transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-ray diffraction (XRD), fluorescence spectrophotometry, etc. Significantly, the novel NiS/MMT/GO nanocomposites exhibited high peroxidase-like activity toward the typical chromogenic substrate, 3,3′,5,5′-tetramethylbenzidine (TMB). However, glutathione (GSH) could inhibit the peroxidase-like activity of NiS/ MMT/GO along with a visible color variation. Based on the color change of the system of nanocomposites-H 2 O 2 -TMB, a novel colorimetric sensor was designed and conveniently used to quantitatively detect H 2 O 2 as well as GSH. The limit of detection (LOD) of H 2 O 2 and GSH is 9.73 and 0.5043 μM, respectively. The proposed H 2 O 2 sensor has potential application in the field of biosensing, food, and environment.
Introduction
Glutathione is known as a thiol-containing tripeptide (γ-GluCys-Gly, GSH), a crucial antioxidant and free-radical scavenger in vivo. It plays an important role in biological functions in human subjects and exists in two different forms, the reduced sulfhydryl form (GSH) and the oxidized form glutathione disulfide (GSSG), respectively [1] . The imbalance of GSH/ GSSG is connected with various diseases, including neurodegenerative disorders, human immunodeficiency virus (HIV), aging, and Alzheimer's disease [2, 3] . Notably, hydrogen peroxide (H 2 O 2 ) is one of a series of reactive oxygen species (ROS) and a by-product of vast biological processes [4] . Based on the reducibility of GSH, it is envisaged that GSH could result in the reduction of the H 2 O 2 -3,3′,5,5′-tetramethylbenzidine (TMB) system. Therefore, a sensitive and convenient method is demanded to develop for the quantitative detection of H 2 O 2 and GSH.
To date, a wide variety of analytical techniques have aroused much attention for detecting GSH and H 2 O 2 with the aid of sophisticated instruments, such as highperformance liquid chromatography (HPLC) [5] , electrochemical analysis [6] , and popular fluorescence method [7] . Except for the instrumental methods, colorimetry has been focused, owing to cheapness, sensitivity, simplicity, convenience (no need for sophisticated instruments), etc. In recent years, many efforts have been motivated for the detection of H 2 O 2 based on peroxidase mimics, including oxides [8] , sulfide [9] , metal nanoparticles [10] , and carbon nanomaterials [11] . In addition, various GSH sensors based on peroxidase mimics have been reported, such as MnO 2 nanosheets [12] , Co 3 O 4 nanotubes [13] , and dipyrromethene (BODIPY) derivatives [14] . Among the peroxidase mimics, nanocomposites Electronic supplementary material The online version of this article (https://doi.org/10.1007/s42114-018-0045-2) contains supplementary material, which is available to authorized users.
have come into sight. Especially, graphene-based nanocomposites were widely studied in solar cells, electrochemical sensors, biosensors, and super capacitors [15] [16] [17] , because of large specific surface area, high electrical and thermal conductivities, and fast electron transfer ability [18] . However, there is a rather rare study on graphene-based nanocomposites as peroxidase mimics for response to GSH.
Metal sulfides (CuS [19] , CdS [20] , ZnS [21] , etc.) have been proved to possess the peroxidase-like activity for detection of H 2 O 2 and some other biological molecules. Nickel sulfide (NiS) as one of p-type semiconductors has attracted people's interest and is widely applied in photocatalysis, electrochemistry, Li-ion batteries, biosensors, and solar cells [22] [23] [24] [25] . However, the pure nanoparticles are easy to aggregate, due to the van der Waals force and high specific surface energy, resulting in a decrease in catalytic activity. Hence, to improve the dispersity of pure nanoparticles, it is necessary to select a good support for preparation of nano-sulfides. Montmorillonite (MMT) is thought of as a promising candidate, due to the structure of important functionalized layered silicates as well as good biological compatibility, which provides a foundation for the application in biological systems [26] . With these ideas in our mind, if we combine GO with NiS using MMT as a support, the obtained composites will demonstrate novel catalytic activity.
Herein, a novel gas deposition method at room temperature was used to prepare NiS/MMT/GO ternary nanocomposites, which was proved to possess the peroxidase-like activity for highly sensitive detection of H 2 O 2 and GSH, respectively. In comparison to the analytical methods with the help of sophisticated instruments, the proposed colorimetric method exhibited facile, convenient, and low-cost advantages. And the excellent peroxidase-like activity of NiS/MMT/GO was investigated by catalytically oxidizing TMB into blue oxTMB in the presence of H 2 O 2 , which can be observed by the naked eye. As illustrated in Scheme 1, after addition of GSH into the system of NiS/MMT/GO-H 2 O 2 -TMB, oxTMB could be reduced to TMB with the blue color fading, which is convenient to quantitatively detect GSH.
Experimental

Materials
All chemicals and solvents used were of analytical grade. Nickel acetate (Ni(Ac) 2 •4H 2 O) and hydrogen peroxide (30%, H 2 O 2 ) were purchased from Guangcheng Reagent Co. (Tianjin, China). 3,3′,5,5′-Tetramethylbenzidine (TMB•HCl) was purchased from Macklin (Shanghai, China). Thioacetamide was obtained from Sinopharm Chemical Reagent Co. Ltd. Montmorillonite K-10 (MMT) and glutathione (reduced) were purchased from Aladdin Reagent Co. Ltd. (China). Ultrapure water was produced by a flow water purification system. Graphene oxide (GO) was prepared by a modified Hummers method starting from graphite [27] .
Preparation of MMT/GO nanosheets
Before preparing NiS/MMT/GO ternary nanocomposites, the MMT/GO binary hybrid layered materials were fabricated by an ultrasonic-assisted method. Firstly, montmorillonite suspension was obtained by dissolving 0.03 g into 10 mL deionized (DI) water under vigorous stirring for 24 h. Then, 0.02 g GO was dispersed into DI water with the aid of sonication for 30 min to obtain GO solution. After that, the obtained GO solution was added into MMT suspension under ultrasound condition for 1 h to form a homogeneous solution. As a result, MMT/GO self-assembled into nanocomposites in the resulting mixture. Subsequently, the MMT/GO nanocomposites were centrifuged, washed with DI water for several times, and dried at 55°C in turn.
Preparation of NiS/MMT/GO nanocomposites
NiS/MMT/GO ternary nanocomposites were prepared through the gas deposition method. A typical procedure is as follows: 3 mmol Ni(Ac) 2 •4H 2 O was dropwise added into the MMT/GO mixture under vigorous stirring for 3 h, in order to ensure enough coordination between Ni 2+ and oxygen atoms from MMT/GO. The resulting solution was marked as A. Subsequently, 9 mmol thioacetamide was added into another beaker containing 0.5 M HCl solution, marked as B. Then, solutions A and B were put into a sealed container immediately and stirring was kept for 24 h to release H 2 S homogeneously. Because the H 2 S gases were supplied homogeneously, the NiS nucleation and growth were well controlled [28] . Then, the products were collected by centrifugation and washed for three times, followed by being dried in a vacuum oven at 55°C overnight.
Apparatus and characterization
The crystal phases of the products were obtained by the powder X-ray diffraction (XRD) pattern using Cu Kα radiation (D/Max 2500 PC, Rigaku) with 2θ ranging from 5°to 80°at a 0.02°step size. Fourier transform infrared spectra (FT-IR) were measured on a Nicolet 380 FT-IR spectrophotometer (Nicolet Thermo, USA) using KBr pressed pellets. The morphology and distribution of asprepared nanocomposites were characterized through a transmission electron microscope at an acceleration voltage of 200 kV (TEM JEM-2100, JEOL, Japan) equipped with an energy-dispersive spectrometer (EDS). The fluorescence spectra were acquired using a Cary Eclipse fluorophotometer (Varian, Inc., USA). Ultraviolet-visible (UV-vis) absorption spectra were recorded on a TU-1810 spectrophotometer (Shanghai, China). The electron spin resonance (ESR) test was performed by a Bruker ESR 300E with a microwave bridge (receiver gain, 1 × 10 5 ; modulation amplitude, 2 G; modulation frequency, 100 kHz; microwave power, 10 mW).
Catalytic activity of NiS/MMT/GO nanocomposite
The peroxidase-like activity of NiS/MMT/GO nanocomposites was performed via a common catalytic reaction toward chromogenic substrate TMB in the presence of H 2 O 2 . In a typical experiment, 200 μL (2 mM) TMB and 200 μL H 2 O 2 (0.25 M) were added into 1.4 mL buffer solution (pH = 4) containing 200 μL (0.3 mg/mL) NiS/MMT/GO nanocomposites. Afterwards, the reaction system was incubated for 3 min, and absorbance was measured at 652 nm on a UV-vis spectrophotometer. To study the influences of incubation temperature and pH on the catalytic activity of NiS/MMT/GO nanocomposites, different buffer solutions were used in the range of pH from 2 to 8 and the temperature from 30 to 70°C.
With regard to the steady-state kinetic study, a series of experiments were carried out at room temperature using 200 μL (0.3 mg/mL) NiS/MMT/GO nanocomposites and 1.4 mL buffer solution (pH = 4) in a cuvette with 200 μL different concentration of TMB (or H 2 O 2 ) as a substrate, while keeping the concentration of H 2 O 2 (or TMB) unchanged. After reaction duration for 3 min, the absorbance at 652 nm of the mixed solution was monitored by a UV-vis absorption spectroscopy in time course. The apparent kinetic parameters were calculated according to the Lineweaver-Burk plot: 
Colorimetric detection of glutathione
A colorimetric method was developed to determine glutathione. The procedure was explained as follows: A stock solution of GSH (3.257 mM, 1 mg/mL) was prepared in ultrapure water, and various concentrations of GSH were obtained from the serial dilution of the stock solution. The mixed solution containing 1.4 mL HAc-NaAc buffer solution, 200 μL of H 2 O 2 , 200 μL of NiS/MMT/GO, and 200 μL of TMB was incubated for 3 min at room temperature. Then, 200 μL of GSH with various concentrations was added into the above reaction systems immediately and the resulting reaction for 3 min was kept, which was monitored by a UV-vis spectrophotometer. Intriguingly, the blue color of the reaction systems started to fade gradually until it turned colorless, which could be easily observed by the naked eye. Figure 1 represents the typical XRD patterns of GO (Fig. 1a) , MMT (Fig. 1b) , NiS (Fig. 1c) , and NiS/MMT/GO nanocomposites ( Fig. 1d ), respectively. From Fig. 1a , it can be seen that a diffraction peak of pure GO was at 2θ = 9.7°. The interlayer spacing of GO calculated is 0.91 nm according to Bragg's equation, which is close to the values reported in the literature [30] . For the obtained NiS (Fig. 1c) , the characteristic peaks at 15.58°, 21.62°, 22.6°, 26.8°, 28.41°, and 31.40°agreed well with (002), (040), (032), (042), (101), and (004) planes of pure NiS (PDF no. 24-1021). As seen from Fig. 1d , the weak basal lattice plane (001) of MMT appeared at 5.74°. In addition, the characteristic peaks of NiS existed in the composites, indicating the successful preparation of NiS/MMT/GO nanocomposites. Furthermore, FT-IR spectra of GO, MMT, and NiS/MMT/ GO verified the interaction of functional groups from NiS/ MMT/GO nanocomposites. As shown in Fig. S1A (supporting information), the strong peak at 3464 cm −1 was assigned to the stretch vibration of -OH. The vibration of oxygen-containing functional groups C-OH, C-O-C, and C=C were located at 1642, 1110, and 1382 cm
Results and discussion
Characterization of NiS/MMT/GO nanocomposites
, suggesting the formation of GO. From Fig. S1B , it can be found that the characteristic peaks at 1045, 1639, and 3463 cm −1 were attributed to Si-O stretching vibration, -OH bending vibration, and stretching of -OH, which may originate from adsorbed water molecules. From the spectrum of NiS/MMT/GO nanocomposites (Fig. S1C) , the Si-O vibration and -OH bending vibration were found to have a red shift to lower wavenumbers (1036, 1630 cm
), verifying the interaction occurred between GO and MMT. These results confirmed the interaction among NiS/MMT/GO composites.
The morphology and distribution of as-prepared NiS, MMT/GO, and NiS/MMT/GO nanocomposites were characterized by TEM (Fig. 2) and SEM (Fig. S2 , supporting information), respectively. From Fig. 2a , it can be seen that NiS nanoparticles (NPs) were easily aggregated with the average diameter of ca. 26 nm, owing to the absence of a support [31] . From Fig. 2b , it can be found that MMT/GO composites exhibited wrinkled layers. Notably, after adding MMT/GO, NiS NPs dispersed well on the surface of MMT/GO, shown in Fig. 2c . This result suggests that MMT/GO effectively improved the dispersity of NiS NPs [31] .
Moreover, the EDS spectrum (Fig. 2d ) was used to detect the chemical components of NiS/MMT/GO nanocomposites, among which C and O elements originated from graphene oxide, Al and Si elements originated from MMT, and Ni and S come from NiS nanoparticles, further suggesting that NiS NPs were successfully deposited on layers of MMT/GO [32, 44] . Additionally, Cu was detected in the EDS spectrum, because the Cu grid was used in the experiment. Furthermore, all elements in the NiS/MMT/GO nanocomposites were also detected by element mapping, shown in Fig.  2e , demonstrating that all elements have uniform distribution in the NiS/MMT/GO nanocomposites.
In addition, inductively coupled plasma mass spectroscopy (ICP-MS) was employed to study the accurate contents of NiS, MMT, and GO in the nanocomposites. The analysis results show that the content of Ni and Al in the nanocomposites is 2.31 and 0.3276%, respectively. Thus, the corresponding mass percent of NiS and MMT was ca. 3.5718 and 3.7317%, respectively.
Peroxidase-like activity of NiS/MMT/GO nanocomposites and optimization of experimental conditions
To achieve the maximum catalytic activity of NiS/MMT/GO, a series of experiments have been carried out to optimize the preparation procedure, including the optimum of mass ratio of MMT/GO and the concentration of Ni 2+ . From Fig. S3  (supporting information) , it can be clearly seen that the The peroxidase-like activity of NiS/MMT/GO nanocomposites was investigated in the H 2 O 2 -TMB oxidation system. The catalytic performances could be examined by monitoring the absorbance of the reaction systems at 652 nm in a given time. As shown in the inset of Fig. 3a , a blue color appeared from colorless after addition of NiS/MMT/GO into the TMB-H 2 O 2 system. Furthermore, from Fig. 3a , it can be clearly seen that the absorbance at 652 nm was increased gradually with reaction time duration, suggesting the formation of a blue one-electron oxidation product (Fig. 3c) [33] . Different curves and the corresponding photos of color change of different reaction systems, shown in Fig. 3b , displayed the catalytic activity of different materials in TMB-H 2 O 2 solution. No obvious blue color of the TMB-H 2 O 2 system without any nanomaterials could be found, indicating the slow oxidation of TMB by H 2 O 2 (curve a). Instead, after adding NiS/MMT/GO nanocomposites into the TMB-H 2 O 2 system, a stronger absorption peak at 652 nm with a typical blue color (curve e) was observed. To further verify the synergistic effect of different compositions from nanocomposites, we carried out the comparative experiments using different nanomaterials (NiS, MMT, and MMT/GO) under the identical experimental conditions. Interestingly, the absorbance of the NiS/ MMT/GO-TMB-H 2 O 2 system at 652 nm was stronger than that of the other three reaction systems, shown in Fig. 3b . Likewise, from the photos of different reaction systems (inset of Fig. 3b) , it can be seen that the blue color of the NiS/MMT/GO-TMB-H 2 O 2 Fig. 2 TEM images of NiS (a), MMT/GO (b), and NiS/MMT/ GO nanocomposites (c), respectively. EDS spectrum (d) and element mapping (e) of the as-prepared NiS/MMT/GO system was deeper than that of the other three samples. The results suggested that NiS/MMT/GO nanocomposites demonstrated high catalytic activity than those of NiS and MMT, respectively.
On the basis of the results, it can be inferred that the good dispersity of NiS and the great electrical conductivity of GO play important roles in the catalytic colorimetric reaction. In other words, NiS/MMT/GO nanocomposites exhibited the superior peroxidase-like activity, due to the synergistic effect of different components.
As expected, similar to natural enzyme, known as horseradish peroxidase (HRP), and other artificial enzyme mimics, the catalytic activity of NiS/MMT/GO is greatly dependent on pH and temperature [34] . The peroxidaselike activity of NiS/MMT/GO was investigated while varying the pH of reaction systems from 2 to 8 as well as the temperature in the range of 30 to 70°C, shown in Fig. 4. From Fig. 4a , it can be seen that the catalytic activity of NiS/MMT/GO reached the maximum at pH = 4, because TMB could not be oxidized in the strong acidic medium and H 2 O 2 can be easily decomposed in the alkaline medium [35] . The catalytic performance of NiS/ MMT/GO nanocomposites achieved the maximum at 55°C and retained above 65% activity, shown in Fig.  4b . Thus, NiS/MMT/GO displayed high catalytic activity over a broad range of temperatures, superior to that of the natural enzymes [34] . Conveniently, the following assays were conducted at room temperature unless otherwise stated.
Steady-state kinetic study of NiS/MMT/GO nanocomposites
To explore the catalytic mechanism of the peroxidase-like activity of NiS/MMT/GO nanocomposites, the steady-state kinetic analysis with TMB and H 2 O 2 as substrates were investigated. A series of experiments were performed by varying the concentration of one substrate while keeping the concentration of the other constant. The absorbance could be converted to given concentrations of the substrate, according to Lambert-Beer's law using a molar absorption coefficient ε of 39,000 M −1 cm −1 for TMB-derived oxidation products [36] . Figure 5 shows the typical Michaelis-Menten curves (Fig. 5a, c) and double-reciprocal Lineweaver-Burk plots (Fig. 5b, d ). From Fig. 5 , some important catalytic parameters can be obtained, such as K m and V max . As we know, K m represents the affinity of an enzyme toward substrates. A higher affinity for the substrate is reflected by smaller K m and vice versa [37] . In our study, the obtained K m and V max values of NiS/MMT/GO were comparatively investigated with that of HRP and other peroxidase analogues, listed in NiS/MMT/GO was slightly higher than that of MMT [31] and GO-COOH [42] , suggesting the relatively weak affinity between TMB and the NiS/MMT/GO composites than them. The lower affinity for TMB can also guarantee more active sites available for H 2 O 2 , consistent with the fact that a higher concentration of TMB was required to achieve maximum catalytic activity for NiS/MMT/GO [43] . As expected, the K m value with H 2 O 2 as the substrate was 0.026 mM, which was much lower than that of HRP and other peroxidase analogues in previous publications [38] [39] [40] [41] [42] [43] [44] , indicating a remarkable affinity of NiS/MMT/GO for H 2 O 2 .
Reaction mechanism of NiS/MMT/GO nanocomposites as peroxidase
It has been reported that the mechanism of catalytic oxidation of TMB may be attributed to hydroxyl radical (•OH) generated from the decomposition of H 2 O 2 [45] . In order to shed light on the catalytic mechanism of the peroxidase-like activity of the NiS/MMT/GO nanocomposites, fluorescent probe as well as ESR technique were used to verify whether •OH generated in the catalytic process. Terephthalic acid (TA) was adopted as fluorescent probe to access the effect of NiS/MMT/GO on the signal intensity of •OH, because non-luminescent TA could easily react with •OH and then generate a remarkable fluorescent product, 2-hydroxyterephthalic acid (HTA), emitted at 425 nm [46] . As displayed in Fig. 6 , the fluorescent intensity was gradually decreased with the increase in the amount of NiS/MMT/GO, indicating that NiS/MMT/GO reduced the generation of •OH radicals, different from that of MoS 2 -Pt 74 Ag 26 reported in the previous study [43] . Figure S5 (supporting information) is the ESR spectra of •OH radicals in different systems. From Fig. S5 , it can be seen that there was no DMPO/•OH adduct signal after adding NiS/MMT/ GO-H 2 O 2 , further confirming no •OH generated in the systems. Thus, the ESR results were consistent with that obtained by fluorescent probe. In a word, according to the experimental results together with the relevant studies [47, 48] , the efficient catalytic performance of NiS/MMT/GO nanocomposites may originate from the electron transfer among catalysts, TMB and H 2 O 2 . It was thought that TMB molecules were absorbed on the surface of NiS/MMT/GO and donated lone-pair electrons from the amino groups to nanocomposites, leading to higher electron density and mobility of NiS/MMT/GO nanocomposites. And then NiS/MMT/GO could accelerate the electron transfer between TMB and H 2 O 2 [49] , resulting in TMB being rapidly oxidized. As a consequence, the peroxidase-like 
Robustness of peroxidase activity of NiS/MMT/GO nanocomposites
The stability of NiS/MMT/GO nanocomposites was further studied in different pH values and temperature, and the results of catalytic activity are shown in Fig. 7 . Obviously, from Fig.  7a , it can be seen that NiS/MMT/GO exhibited high stability at different pH from 2 to 8 after incubation for 2 h. And the relative activity remained over 70% even under acidic or alkaline conditions. Furthermore, NiS/MMT/GO also possesses a higher thermal stability than that of HRP over a wide range of temperature from 20 to 80°C (Fig. 7b) , because natural enzymes are vulnerable to denaturalization [34] . Generally, the results proved the excellent robustness of peroxidase activity of NiS/MMT/GO nanocomposites. Glutathione (reduced) is served as an essential polypeptide in the human body and plays an important role in physiological functions. Owing to the reducing ability of thiol in glutathione for blue oxTMB into colorless TMB, a simple and accurate colorimetric method was constructed and applied for detecting GSH [54] . Based on the peroxidase-like activity of NiS/MMT/GO, the change of absorbance at 652 nm was monitored after adding GSH into the NiS/MMT/GO-TMB-H 2 O 2 reaction system. The sensing mechanism is described in Fig. S6 (supporting information) . Moreover, it can be observed from [60] descended along with the increased concentration of GSH, indicating a conversion of oxTMB to TMB [12] . Figure 9b shows the quantitative detection of GSH in the range of 0.6-180 μM. And there was a good linear relationship between ΔA (ΔA = A blank − A GSH ) and the concentration of GSH from 0.6 to 60 μM (Fig. 9b, inset) . According to the 3σ rule, the LOD of GSH was calculated to be 0.5043 μM, which is comparable or lower than that of some reported methods, including fluorimetry [57] [58] [59] and electrochemistry [60] . From , and Cl − , respectively. Although the concentration of interferences was higher four times than that of H 2 O 2 , a significant absorbance at 652 nm was observed in the sample containing H 2 O 2 , shown in Fig. 10 , suggesting that the present interferences had a negligible effect. Thus, the sensor exhibited a good selective response to the detection of H 2 O 2 .
Conclusions
In summary, we have developed a facile gas deposition method to obtain the NiS/MMT/GO nanocomposites as an artificial peroxidase with high catalytic activity, which may be attributed to the synergistic effects from different components. The catalytic activity of NiS/MMT/GO was in accordance with the Michaelis−Menten enzymatic equation and was greatly dependent on pH and temperature. Moreover, the catalytic mechanism of NiS/MMT/GO originated from electron transfer between substrates and nanocomposites. Based on the peroxidase-like activity of NiS/MMT/GO, a simple and rapid colorimetric method was established for the sensitive and selective detection of H 2 O 2 (the linear range was 10-100 μM, LOD = 9.73 μM) as well as GSH (the linear range was 0.6-60 μM, LOD = 0.5043 μM). It is anticipated that our study could facilitate NiS/MMT/GO as a peroxidase mimic to be applied in biotechnology and clinical diagnoses. 
